Bacterial cellulose (BC) has been suggested to be a suitable biomaterial for the development of cardiovascular grafts. The combination of BC with polyvinyl alcohol (PVA) results in nanocomposites with improved properties. Surprisingly, there are very few studies on the BC-blood interaction. This is the focus of this paper. We present the first thorough assessment of the hemocompatibility of the BC/PVA nanocomposite. Whole blood clotting time, plasma recalcification, Factor XII activation, platelet adhesion and activation, hemolytic index and complement activation are all determined. The platelet activation profiles on BC and BC/PVA surfaces are comprehensively characterized. BC and BC/PVA outperformed ePTFE -used as a point of comparison -thus evidencing their suitability for cardiovascular applications.
Introduction
With the increase in the prevalence of cardiovascular diseases in the adult population, cardiovascular surgeries are becoming more and more common in operating rooms across the world. Among the most prevalent cardiovascular diseases is atherosclerosis which is generally treated by performing a bypass surgery. The procedure requires the application of a biological or a synthetic graft that will allow the blood flow to be redirected around an occluded portion of the vessel. Biological grafts deteriorate over time due to the natural progression of the patients' disease or may be unavailable [1] . Therefore, synthetic grafts are used. These are commonly made of polyethylene terephthalate (PET, commercially known as Dacron) or expanded polytetrafluoroethylene (ePTFE). However, they do not perform well in medium or small-caliber vessels such as coronary arteries [1] . In larger-caliber vessels characterized by high shear rates these materials do provide good mechanical compliance. However, they have a strong affinity for proteins, which adsorb on the surface of the material. This results in a layer, the pseudo-intima, which promotes platelet adhesion and activation and consequent clot formation [2, 3] . In low caliber vessels the protein build-up on the luminal surface and platelet activity ultimately lead to thrombosis. There is therefore a strong need for new materials for the construction of vascular grafts for small-caliber vessel applications, and a large amount of work has been aimed at finding natural alternatives to the synthetic polymer materials for making grafts.
In order to be suitable for this application, the material has to be hemocompatible, i.e., it must be able to remain in contact with blood without inducing toxicity or activating the intrinsic and extrinsic coagulation cascades or the complement system [4] . By triggering these blood reactions, foreign materials cause thrombosis and inflammation at the graft site or embolism. Emboli that occur due to the detachment of thrombi from the graft site or their formation downstream of the implant are the main cause of synthetic grafts failure [2] .
One promising candidate is bacterial cellulose (BC). This polymer is a highly pure linear polysaccharide, consisting of ␤ (1→4)-linked d-glucose monomers. It is secreted by bacteria of the Gluconacetobacter genus. Once secreted, it forms a fibrous network hydrogel. BC has been extensively studied for biomedical applications due to its morphology, high purity, water-holding capacity, tensile strength, malleability and biocompatibility [5] [6] [7] and has been proposed for applications such as wound dressings [8] , artificial skin [9] or blood vessels [6, [10] [11] [12] and as a scaffold for tissue engineering [7, [13] [14] [15] .
Polyvinyl alcohol (PVA) has also been studied for potential biomedical applications. Its uncomplicated structure allows crosslinking of the polymer chains by either chemical agents or by physical crosslinking through thermal cycling [16] . The hydrogels formed by PVA generally present good tensile strength, flexibility and elasticity [17] , allied with high water retention capability, non-toxicity and non-carcinogenicity. PVA has been studied for applications in tissue reconstruction and replacements, drug delivery, cardiovascular stents and wound covering bandages, among others [16, 18] .
BC has high tensile strength but somewhat limited elasticity. On the other hand, PVA is highly elastic but its tensile strength is limited. A compromise would be ideal for potential applications in cardiovascular surgery: sufficient tensile strength allied with enough elasticity to allow for greater mechanical compliance. The BC/PVA nanocomposites indeed meet these criteria, as we and others reported [16, 19, 20] . We described previously one such nanocomposite, consisting of an interpenetrated polymer network of PVA fibers entangled inside the BC matrix, bridging gaps and linking individual BC fibers. The mechanical properties of the BC/PVA nanocomposites can be adjusted by thermal cycling. This allows tailoring of the nanocomposite mechanical properties to better mimic those of the arterial vessel walls.
While the potential of BC as a biomaterial for cardiovascular applications has been reported [6, [10] [11] [12] its interactions with blood have not been carefully characterized [10, 11] . Therefore, in this study, we assess the hemocompatibility of BC and of a BC/PVA nanocomposite.
Experimental

Bacterial cellulose and bacterial cellulose/polyvinyl alcohol
Gluconacetobacter xylinus (ATCC 700178) was grown in a modified Hestrin-Schramm medium, supplemented with 2% Corn Steep Liquor (Sigma Aldrich, Germany) and 0.6% ethanol, at pH 5.0. The medium was inoculated and then added to 24-well polystyrene microtitter plates. The plates were then incubated at 30 • C for 7 days. The resulting BC membranes were then washed thoroughly with distilled water and further purified with 4% NaOH at 60 • C for 90 min. The membranes were then, again, thoroughly washed until neutral pH was achieved.
For BC/PVA production, purified BC membranes were immersed in a 10% PVA (M w = 31,000-50,000 g/mol) (Sigma Aldrich, Germany) solution for 24 h at 80 • C. The membranes were then frozen at −20 • C for 24 h, after which they were thawed at room temperature in distilled water and washed to remove any polymerized PVA particles on the surface of the membranes.
All membranes were sterilized by washing in 70% (v/v) ethanol for 24 h and then with ultrapure autoclaved water in a vertical laminar air flow hood chamber until ethanol was fully removed.
Preparation of blood samples
Whole blood was collected from healthy donors at Hospital São João (Oporto, Portugal) with citrated (3.2%) 1.8 ml vacuum blood-collection tubes and transported on ice. The blood samples were then, unless mentioned otherwise, centrifuged at 2000 × g for 10 min at 4 • C to obtain Platelet Poor Plasma (PPP), which was then used in the plasma recalcification and Factor XII activation assays.
Whole blood clotting times
Whole blood kinetic clotting times of wet and dried BC and BC/PVA membranes were determined as previously described by Motlagh [21] . Clotting was induced by addition of 360 l of 0.1 M CaCl 2 to 3.6 ml of whole blood. The BC and BC/PVA membranes along with glass microspheres (positive control) and empty wells of a 24-well polystyrene microtitter plate (negative control) were incubated for 0, 5, 10, 15, 25 and 35 min at room temperature (16) (17) (18) • C) with 150 l of the activated whole blood for each time point. At the end of each time point 3 ml of distilled water was added to the well and incubated for 5 min, in order to lyse the red blood cells which were not trapped in the thrombus, and release hemoglobin.
The concentration of released hemoglobin was measured by transferring 200 l of the supernatant to a 96-well microtitter plate followed by spectrophotometric analysis at = 540 nm. The clot formation is followed by a reduction in the absorbance value. All samples, including ePTFE as a control, were analyzed in triplicate.
Plasma recalcification profiles
Plasma recalcification times for BC and BC/PVA membranes, along with empty polystyrene plate wells with (positive control) and without CaCl 2 (negative control) were determined by the method described by Motlagh [21] . Samples containing 500 l of Platelet Poor Plasma (PPP) were incubated for 1 h, at 37 • C, on an orbital shaker. After the incubation period, 100 l of the PPP from each sample well was transferred to a 96-well plate and 100 ml of CaCl 2 was added to each well (except the previously mentioned negative control). The 96-well microtitter plate was then immediately placed in a plate reader, and the kinetics of the clotting measured and monitored by changes in the absorption at = 405 nm, every 30 s for 45 min (curves generally stabilized after 30 min). The measure of thrombogenicity was given by the time it took to achieve half maximum absorbance (EC50). Each sample was measured in triplicate (3 donors per sample) and averaged; ePTFE was also analyzed in the same way.
Hemolysis index
Hemolysis studies were conducted in accordance with the procedures described by the American Society for Testing and Materials (ASTM F756-00, 2000). BC samples were equilibrated in phosphate buffer saline (PBS) and then transferred to a tube containing 7 ml of PBS. 1 ml of diluted blood (hemoglobin concentration of 10 mg/ml) was added and incubated at 37 • C for 3 h in a water bath. The tubes were gently inverted every 30 min to promote contact between blood and samples. The membranes were then removed with sterile tweezers and the diluted blood centrifuged at 750 × g for 15 min. Then, 1 ml of Drabkin's reagent (Sigma-Aldrich, Germany) was added to 1 ml of supernatant and incubated for 15 min at room temperature, and finally the absorbance was read at = 540 nm.
Hemoglobin concentration was calculated using a calibration curve previously prepared with human hemoglobin (Sigma-Aldrich, Germany) and calculated using the formula: HC = A × m × d (A, absorbance; m slope of the hemoglobin curve; d, dilution) and presented as percentage. Ultrapure water and PBS served as the positive and negative controls, respectively. ePTFE was analyzed in the same manner as control materials.
Complement system activation
To determine whether the biomaterials activate the complement cascade, we performed the protocol described by the NCL (Nanotechnology Characterization Laboratory) for qualitative determination of total complement activation by Western blot analysis (http://ncl.cancer.gov/working assay-cascade.asp) with slight modifications. Human plasma, from healthy donors, was incubated with BC and BC/PVA membranes in the presence of veronal buffer. Equal volumes (100 l) of plasma, buffer and sample were mixed together and incubated at 37 • C for 60 min. Cobra venom factor (CVF) from Quidel Corporation (San Diego, CA, USA), and PBS were used as positive and negative controls, respectively.
In order to determine if complement proteins could have unspecific adsorption on the BC and BC/PVA membranes, several pre-incubations were performed:
1. Preincubation for 2 h at 37 • C with a pool of active plasma followed by a 1 h incubation with plasma and veronal buffer at 37 • C. Proteins were resolved using 10% SDS-PAGE, and then transferred to a membrane (Immun-Blot PVDF Membrane, Biorad, Hercules, USA) using the transblot semidry apparatus BioRad transfer equipment (Trans blot SD, BioRad, Hercules, USA). The membranes were incubated for 90 min with a mouse monoclonal antibody against human C3, diluted to 1:1000 (Abcam, Cambridge, UK). The membranes were then washed and incubated with secondary polyclonal goat anti-mouse IgG antibodies conjugated with alkaline phosphatase, diluted to 1:2000 (Dako, Glostrup, Denmark). The membranes were finally revealed with 5-Bromo-4-Chloro-3-Indolyl Phosphate (BCIP) (Sigma Aldrich, Germany).
Factor XII activation
Both free and adhered Factor XII (FXII) activation was determined by a method adapted from Sperling et al. [22] . For the determination of free Factor XII activation BC and BC/PVA membranes were incubated with 300 l of PPP for 1, 5, 10 and 20 min at room temperature (16-18 • C). Then, 30 l of the plasma was added to 200 l of 0.3 M chromogenic substrate S-2302 (Chromogenix, Italy) in 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES) and 120 mM NaCl at pH 7.4; the absorbance was immediately measured at = 405 nm for 30 min (every 30 s). An empty polystyrene well and glass microspheres were used as the negative and positive controls. The slope of the resulting curves was calculated and used to compare Factor XII activation. All samples were analyzed in triplicate along with ePTFE.
Additionally, to determine the activation of Factor XII adhered to the surface of BC and BC/PVA, samples incubated with PPP for the same time periods as above (1, 5, 10 and 20 min) were immersed in 300 l of 0.3 M chromogenic substrate S-2302 (chromogenix) in 50 mM HEPES and 120 mM NaCl at pH 7.4 for 30 min, the reaction was then stopped with 75 l of 20% (v/v) acetic acid and 200 l of the reaction volume and the absorbance measured on a 96-well microtitter plate at = 405 nm.
Platelet isolation, characterization and surface activation studies
Platelet rich plasma (PRP) and purified platelets were obtained by centrifugation of sodium citrate-anticoagulated human blood [23] . Blood collection was organized by the Biobanco Vasco para la Investigación (Basque Biobank for Research, Galdakao, Spain) and performed with informed consent according to the appropriate legal and ethical guidelines. Donors were healthy volunteers without any history of exposure to medication (such as aspirin) or to alcohol in the two weeks prior to blood collection. Purified platelets were suspended in the buffer (145 mM NaCl, 5 mM Glucose, 1 mM MgCl 2 , 10 mM HEPES, 5 mM KCl, pH 7.4), with (Plt + Ca 2+ ) or without (Plt − Ca 2+ ) 2 mM calcium. Platelet concentration was adjusted to ≈1 × 10 8 cells per ml.
Flow cytometry was used to test platelets for their purity, state of activation in platelet rich plasma (PRP)/purified platelet suspensions and their ability to respond to agonists such as TRAP (thrombin receptor-activating peptide, Sigma-Aldrich, Madrid, Spain) or PMA (phorbol 12-myristate 13-acetate, Sigma-Aldrich, Madrid, Spain). Fluorescently labeled monoclonal antibodies specific for well-known platelet activation markers (CD62P, CD63, active form of GPIIb/IIIa) and fluorescent-annexin 5 (A5) that binds to phosphatidylserine (PS) were used in the flow cytometry experiments. Platelets were identified by staining with anti-CD41a (platelet specific marker). All antibodies and fluorescent markers were purchased from BD Biosciences (Madrid, Spain). Light scatter and fluorescence data from 10,000 events were collected with all the detectors in the logarithmic mode. Flow Jo software (Tree Star Inc, Oregon, USA) was used to determine the percentage of platelets positive for antibody binding for different platelet activation markers. Mean fluorescence intensity for the positive and negative events was determined to obtain the level of expression of various platelet activation markers.
Once platelets were confirmed to be in a quiescent state, as well as responsive to agonists, purified platelets, with and without extracellular Ca 2+ (Plt + Ca 2+ ; Plt − Ca 2+ ) or PRP were incubated with clean and sterile BC, BC/PVA and ePTFE membranes. For these experiments, the membranes were cut and deposited into autoclaved eppendorf tube caps. Purified platelets or PRP preparations were incubated with these materials for various time periods (10, 30, 50 and 180 min) at 37 • C. The entire set up was put inside a clean and covered Petri dish, which was then placed inside a 37 • C incubator to avoid any contamination. After incubation, the supernatants were removed and collected in an eppendorf tube for immediate analysis by flow cytometry. The non-adherent platelets in the supernatant from each sample were stained for the same markers (CD62P, CD63, PS and activated GPIIb/IIIa) to check for their activation state. The surface adhered platelets were fixed with 2.5% glutaraldehyde and stained with the antibodies specific for CD41a, CD62P and CD63, for their analysis by confocal microscopy to assess platelet adhesion and activation.
Results and discussion
Whole blood clotting time
Whole blood was used to determine clotting times and provide information on the thrombogenicity and pro-coagulative activity of each biomaterial. In this assay, whole blood is allowed to clot in contact with a biomaterial. As clotting occurs, more red blood cells are retained in the clot, and therefore less hemoglobin is released by lysis upon addition of distilled water. A hemocompatible material will therefore maintain a higher absorbance value over time. Results show (Fig. 1 ) that ePTFE and polystyrene (negative control) are the least thrombogenic; conversely, the glass microspheres present the quickest clotting time. BC appears more thrombogenic than either ePTFE or polystyrene, consistent with the results of Andrade et al. [24] . The results for BC/PVA show no statistical difference (p ≥ 0.05) compared to those of BC alone. Andrade et al. [24] observed, in agreement with others [25] , that whole blood clotting time is related -to some extent -to the surface area of the material. The surface area of the bottom of the microtitter plate well is 1.21 cm 2 . The ePTFE samples were cut and stretched in order to sit flush and cover the well bottom and so surface of contact was similar to that of the negative control. In the case of both BC and BC/PVA, these hydrogels are porous and present a dome shaped structure that does not sit flush to the bottom of the microtitter wells. This increases the surface of biomaterial-blood contact which may adversely affect the comparative analysis of the results. Once dried, BC and BC/PVA membranes lose most of their original thickness (from 3 mm down to 0.068 mm in the case of BC), hence they are less porous. The resulting dried membranes present a similar surface of contact to that of ePTFE and the negative control. As expected, the clotting time observed on the dried membranes was closer to that of both the negative control and ePTFE. Once again, no significant difference was observed between BC and BC/PVA.
Plasma recalcification profile
The plasma recalcification profile obtained in response to PPP contact to a material is often used as a measure of activation of the intrinsic pathway [21, 26] . As plasma becomes more turbid due to the accumulation of clotting by-products, absorbance increases. The measure of pro-coagulative activity in this test is given by the time it takes to achieve half the maximum absorbance; the higher this value, the less thrombogenic the material. For this assay (Fig. 2) glass microspheres serve as a positive control. The glass microspheres are generally accepted as positive controls in this respect due to their negatively charged surface that triggers protein adsorption and activates coagulation factors.
The positive control was found to be significantly different (p < 0.05), with no statistical differences found among the other tested samples. Similarly to what was reported by Andrade [24] , ePTFE presents a lower pro-coagulating activity than BC (higher half maximum absorbance time -6.5 versus 5.5 min, respectively). Of particular note is the result for BC/PVA, which outperforms ePTFE. This suggests that the incorporation of PVA improves the performance of BC, as may be inferred from the higher half maximum absorbance time (7 min).
Factor XII activation
In order to further characterize the activation of the intrinsic pathway, direct quantification of the catalytic activity of both free (Fig. 3) and adhered (Fig. 4) activated Factor XII was performed using a chromogenic substrate. The chromogenic substrate (S-2302) is broken down, specifically, by the activated form of Factor XII (Factor XIIa). The results are expressed as the Factor XII activation upon exposure to the materials, normalized to the value obtained using the positive control (glass microspheres).
The results obtained with BC and BC/PVA present no statistical differences (p ≥ 0.05). The thrombogenicity of both materials is however different from that of ePTFE: they induce less free Factor XII activation; the differences are statistically significant (Fig. 3) .
All of the materials showed some adhered Factor XIIa (Fig. 4) . Similar amounts are detected on BC and ePTFE, with no statistical difference between them (p ≥ 0.05). On the other hand, BC/PVA presents significantly (p < 0.05) lower values for adhered Factor XIIa than the other two materials. Overall, BC/PVA seems to be triggering the lowest response of the intrinsic coagulation cascade. Thus, again, PVA seems to a have a beneficial impact on the BC hemocompatibility.
It is generally accepted that synthetic materials with a negatively charged surfaces trigger the activation of Factor XII via conformational change to a Factor XIIa-similar molecule [27, 28, 30] . We expect that the surface charges on BC, BC/PVA, and ePTFE are similar and small compared to the highly charged glass spheres. Therefore the differences we observe in the propensity of these materials to activate FXII are not related to differences in their surface charge but to their hydrophilicity/hydrophobicity. Indeed, while some authors suggest that there is little difference in terms of FXII activation between hydrophobic and hydrophilic surfaces [27] , others assert that hydrophilic surfaces are more prone to induce Factor XII activation [22] . This is thought to happen due to the socalled adsorption-dilution that occurs on the hydrophobic surfaces, where more proteins adsorb in general and FXII is diluted. [27] We observe the opposite: the more hydrophilic BC and BC/PVA hydrogels are less effective in activating FXII than the hydrophobic ePTFE.
It must be realized, however, that activation of Factor XII does not suffice for the activation of the intrinsic pathway, the complex interactions between several proteins on the surface of the materials may result in more or less effective amplification [31] .
Platelet adhesion and activation studies
While platelet adhesion to BC [29] and PVA grafts [32] has already been described in the literature, the detailed characterization of platelet response on these surfaces, especially the newly developed PVA-modified BC surface, has not been done. Here we studied the adhesion and activation of platelets upon interaction with the BC-based materials. To do so, we exposed BC and BC/PVA membranes to PRP for different time periods -10, 30, 50 and 180 min -at 37 • C and assayed for the expression of the activation markers on the surface-adhered platelets and on the platelets in the bulk solution above the surfaces by immunostaining.
We studied four classical markers of platelet activation: transmembrane proteins CD62P (P-selectin) and CD63 (present in the membranes of the granules stored inside the resting platelets and brought to the surface upon activation), active conformation of the integrin complex GPIIb-IIIa, (constitutively expressed on platelet surfaces but undergoes conformation changes upon activation), and phospholipid phosphatidyl serine (located in the cytoplasmic leaflet of the cell membrane in the resting platelets but is brought to the outer leaflet upon activation) [33] . Surface-adhering platelets were studied using confocal laser scanning microscopy (CLSM). The results of these experiments, performed with BC, BC/PVA and ePTFE are shown in Fig. 5 . After 10 min, very few platelets adhered on either BC or BC/PVA as compared to ePTFE, which showed a higher level of platelet adhesion (cf. the number of platelets on the various surfaces in Fig. 5A ). More platelets were found on BC and BC/PVA surfaces after 50 min of incubation, while no significant difference in the number of platelets between 10 and 50 min was observed on ePTFE (Fig. 5B) ; larger patches/clusters could sometimes be observed after 50 min (arrowhead in Fig. 5B ). Surface-adhered platelets were found to be activated (expressed CD62P and CD63) on BC and ePTFE surfaces both after 10 and 50 min ( Fig. 5A and B) . Judging from the level of fluorescence intensity, the level of expression of CD62P and CD63 was higher on ePTFE than on BC. BC/PVA-adhered platelets were activated only after 50 min (Fig. 5B) . The level of activation in this case was also lower than that observed on ePTFE. Similar results were obtained for purified platelets incubated with surfaces in the absence of calcium (data not shown). Platelet response observed on ePTFE is consistent with the literature where it has been stated that protein adsorption on the ePTFE surface leads to adhesion and activation of platelets [35] .
In order to have a better understanding of the interactions between platelets and these materials, we further studied the behavior of platelets in the bulk solution, above the biomaterial surface. Previous studies have shown that in addition to platelets adhering to the material surface, the non-adherent platelets may get activated upon blood-biomaterial interaction [34, 35] . These fluid-phase activated platelets contribute to thrombotic and inflammatory reactions at a distance from the original implantation site [36] [37] [38] . The activation of non-adherent platelets was investigated using flow cytometry [39] . The results for these experiments are shown in Figs. 6 and 7. We determined the percentage of cells positive for a particular surface marker (Fig. 6 ) and also the level of expression of that marker (calculated from mean fluorescence intensity) on the positive cells (Fig. 7) . The degree of non-adhered platelet activation upon contact with the surface is here presented as an increase in the expression of a particular marker as compared to the freshly isolated resting platelets (Fig. 7 , Mean fluorescence intensities ratio, MFIR). Both PRP and purified platelets were used in the experiments. For PRP, CD62P and CD63 expression were used to monitor activation, while for purified platelets all four activation markers (CD62P, CD63, PS and activated GPIIb/IIIa) were used. This is because detection of PS and activated GPIIb/IIIa expression requires extracellular Ca [40, 41] , which would induce clotting when using PRP.
Freshly isolated platelets were in their quiescent state (Fig. 7 ) and showed negligible expression of the activation markers until stimulation with TRAP or PMA (positive controls). Following incubation with PRP, no discernible difference in the expression of the activation markers CD62P and CD63 was observed for all 3 biomaterials at time points of 10, 30 and 50 min (Fig. 7A and B) . However, a significant difference in the CD62P and CD63 expression was observed after 180 min: ePTFE showed a 13 fold increase in CD62P expression level as compared to BC and BC/PVA, which showed a modest 2-3 fold increase relative to the quiescent platelets (Fig. 7A) . Similarly, the increase in CD63 expression was 9 fold for ePTFE and 2 fold for BC and BC/PVA (Fig. 7B) . Additionally, the results for percentage of cells (Fig. 6 ) positive for these 2 markers were also in accordance with the trends obtained for their expression levels. For BC and BC/PVA, only 16% and 18% of cells, respectively, showed CD62P expression whereas for ePTFE it was almost much higher (67%) of BC and BC/PVA (Fig. 6A) . Again, for CD63, ePTFE presented much more CD63 positive cells (Fig. 6B ) as compared to BC materials (80% and 40%, respectively). These results support our claim that, in the presence of plasma proteins, BC and BC/PVA prove to be more hemocompatible as compared to ePTFE in terms of plasma recalcification profiles, Factor XII activation, platelet adhesion and activation (both in bulk and on surface of the biomaterials).
To complement the results obtained with PRP, we also studied the activation of purified platelets in the presence, as well as in the absence, of calcium. Direct effects of bare surfaces on platelets have previously been reported [24, [42] [43] [44] [45] [46] . The results obtained with surface adhered platelets were already discussed above (Fig. 5) , while the results of platelet activation in solution are shown in Figs. 6 and 7 together with those of PRP. The non-adherent platelets incubated with ePTFE showed almost no CD62P/CD63 expression, both in the presence and absence of calcium, for all time points (Fig. 7A  and B) . After 180 min, in the absence of calcium, platelets incubated with BC and BC/PVA showed roughly a 2 fold increases in CD62P and CD63 expression, further increased by about 8 and 2 fold, in the presence of calcium, for the same markers. Similarly, BC and BC/PVA presented higher percentage of cells positive for CD62P and CD63 as compared to ePTFE (Fig. 6A and B) .
In the case of purified platelets, we could also study the effect of surface interaction on the expression of PS and the active form of GPIIb/IIIa. No increase in the expression of activated form of GPIIb/IIIa relative to that in quiescent platelets was observed for any of the three surfaces (Figs. 6D and 7D ). PS expression was found to fluctuate (Fig. 7C) . After 180 min, the PS expression is lower (25 fold increase) for BC/PVA as compared to BC (60 fold increase) and ePTFE (50 fold).
The observed PS fluctuations are interesting, but their significance is not altogether clear. They may be related to platelet activation or reflect the loss of PS in the microparticles generated upon activation. The consensus is that PS exposure on the platelet surface is necessary for thrombin generation, but whether it is sufficient for the pro-coagulant function of platelets is still debated [47] . Moreover, there are inconsistencies in literature regarding PS detection, because annexin A5 binding may be interfered with by other PS binding proteins, including the factors of the clotting cascade. Some authors suggest that activation leads to different platelet subpopulations, only some of which expressing PS [48] .
In summary, it appears that in the absence of plasma proteins (that is, when using purified platelets), BC and BC/PVA surfaces activate platelets in the bulk more efficiently than ePTFE. Therefore, their superior performance noted in PRP (which better mimic the in vivo conditions) is most likely due to a passivating layer of plasma proteins.
As noted above, the hydrophilic surface of BC and BC/PVA does not favor protein unfolding/conformational changes, hence not leading to Factor XII activation and not causing as much platelet , as counted using a flow cytometer, after being exposed to bacterial cellulose (BC), bacterial cellulose/polyvinyl alcohol nanocomposite (BC/PVA) and ePTFE. The samples were incubated for 10, 30, 50 and 180 min with platelet rich plasma (PRP) and also purified platelet suspension without (Plt − Ca) and with (Plt + Ca) 2 mM Ca. Data is presented with standard deviation (n = 3), where there are no error bars only 2 samples were tested.
activation as protein layers on other surfaces. These results are also in accordance with the findings of Sperling et al. [22] who showed that platelet adhesion and activation was favored by highly hydrophobic surfaces.
Hemolytic index
The hemolytic index is a direct measure of free hemoglobin present in plasma after exposure to a given material or stressor.
An isotonic solution (PBS) served as the negative control and distilled water as the corresponding positive control, inducing osmotic stress that ruptures red blood cells. The assay was performed as according to the Standard Practice for Assessment of Hemolytic Properties of Materials from the American Society for Testing and Materials (ASTM F756-00, 2000); the standard classifies the material as non-hemolytic (0-2% of hemolysis), slightly hemolytic (2-5% of hemolysis) and hemolytic (>5% of hemolysis). Our results (Table 1) show that both BC and BC/PVA are classified, as according to the standard, as non-hemolytic while, ePTFE is classified as slightly hemolytic.
Complement system activation
In order to further study the blood/material interaction, we also looked at the activation of the complement system by BC and BC/PVA. Among the three possible mechanisms the alternative activation pathway is of particular importance. In blood/biomaterial interactions the alternative activation pathway is triggered directly by foreign surfaces that do not provide adequate down-regulation of the protease C3-convertase.
We determined the overall percentage of C3 cleavage products, by semi-quantitative Western blot analysis, in order to determine the degree of activation of the complement system. The results are presented as the percentage of cleaved products as compared to the positive control, obtained by addition of cobra venom factor to the plasma. Our results show that both BC and BC/PVA significantly activate complement (Fig. 8) . Complement activation of the BC samples presents an average of 64.5 ± 4.2%. The effect is slightly mitigated in the case of BC/PVA with an average of 55.6 ± 5.0% activation. Considering the negative control presents an average 39.6 ± 4.0% this means an increase of 24.9% for BC and 16.0% for BC/PVA. Additionally, dry BC was also tested (results not shown) and was found not to activate the complement system, the values obtained were lower than those of the negative control.
The mechanisms by which complement is activated are still not fully understood but it is well established that different biomaterial surfaces have different complement-activating properties. Physical properties such as hydrophobicity affect the activating ability. Hydrophobic surfaces are more potent activators than hydrophilic ones, and incorporation of chemical groups such as NH 2 , OH or COOH influences the activation of complement [49] . Both BC and BC/PVA have many surface OH groups which would in turn activate the complement system to some extent. However, the total increase of C3 cleavage products is relatively low, as compared to the negative control.
Interestingly, in both the presence of PVA and in the dry BC membranes, complement system activation is mitigated or canceled out. This may be due to a probable reduction of the total number of free surface OH groups, resulting in reduced biomaterial derived C3 cleavage [49] . Table 1 Blood hemolysis index after contact with of bacterial cellulose (BC), bacterial cellulose/polyvinyl alcohol (BC/PVA) and expanded polytetrafluoroethylene (ePTFE). 
Conclusions
BC and PVA have been extensively studied by various research groups for biomedical applications in blood contacting materials. This is the first study, to our knowledge, to present extensive results on the hemocompatibility of a nanocomposite of BC impregnated with PVA, namely in regards to platelet activation profiles on BC and the BC/PVA nanocomposite. The results consistently show that these materials has a good hemocompatibility, probably due to both low activation of platelets and Factor XII.
The results for platelet adhesion and activation profiles demonstrate that both BC and BC/PVA exhibit superior performance as compared to ePTFE. Platelet activation on ePTFE seems to be mediated by plasma proteins. It appears that, on ePTFE, activation of the intrinsic pathway (higher Factor XII activation, Fig. 3 ) leads to higher thrombin generation and this could explain the high level of platelet activation observed on this surface. The indication that platelets can be activated by BC and BC/PVA is relevant; however, it seems to be mitigated by the presence of other plasma constituents. BC appears thus as a suitable material for the development of cardiovascular grafts.
